Two synthetic oligonucleotides, one specific for the 5 1 exon, the other spanning the splice junction, were used to show that (a) tbe human haploid genome contains at least 12 independent gene loci for tRNA yr , T and (b) that all of them carry an intron. From one of the cloned human tRNA yr genes (pHtTl) the 20 bp intron was deleted to generate pHtTlA. Homologous in vitro transcription, fingerprint analyses of the products and elucidation (jF their nucleoside composition revealed that the pseudouridine (^,5) in the center of the anticodon of tRNA y was synthesized in the intron-containing precursor whereas this I) tof modification did not take place in precursors or mature tRNA y derived from pHtTlA. On the basis of these results and of studies from other laboratories we suggest that the evolutionary pressure for maintaining introns in eukaryotic tRNAs yr is this strict intron-requirement T for y,_ synthesis. Taking into account that all eukaryotic cytoplasmic tRNAs yr contain a V _ we discuss here a special need for this modified nucleoside in stabilizing codon-anticodon interactions involving (a) classical base pairing upon translation of tyrosine codons and (b) unconventional interactions during UAG amber codon suppression by tRNA*^ in eukaryotic cells.
INTRODUCTION
Intervening sequences are found in a wide variety of nuclear tRNA genes of lower eukaryotes like yeasts, fungi and certain protists, e.g., in those specific for Ser, Leu, lie, Lys, Phe, Trp, Pro and Tyr (1) . It is noticeable that within the same tRNA gene family, even in the same species, some of these genes occur with and without intron, respectively (2) (3) (4) (5) .
In contrast to lower eukaryotes, the majority of nuclear tRNA genes of higher eukaryotes does not appear to contain introns. An inspection of the respective gene sequences (6) reveals that introns have only been found in genes coding for tRNAs of the Leu and Tyr families and there is the striking observation that -without any exception -all known tRNA yr genes, from as different organisms as yeast, Nicotiana, Drosophila, Xenopus and human, contain introns (7) (8) (9) (10) (11) (12) (13) . Beyond that, all eukaryotic cytoplasmic tRNAs yr are exceptional in that they contain a pseudouridine (V) in the center of their GVA or QVA anticodons. GUA and QUA anticodons, as present in procaryotic, chloroplast and mitochondrial tRNAs yr , have never been found in their eukaryotic counterparts (6) . Hence, there may be a relation between the obviously obligatory presence of introns in tRNA yr genes and the general presence of Y in the center of the tRNA y anticodons, i.e., there may be a strong pressure in favour of maintaining both, introns in the genes and V T vr in the anticodons of eukaryotic tRNAs ' throughout evolution. In fact,
Johnson and Abelson (14) have found that deletion of the intron from a yeast tRNA yr ochre suppressor gene abolishes pseudouridine biosynthesis in the corresponding suppressor tRNA in_ vivo.
Here we show that an intron-less tRNA yr gene constructed by intron deletion from a tRNA yr gene recently isolated from human DNA (13) produces Tvr mature tRNA ' with a GUA anticodon in a HeLa cell nuclear extract. In contrast, the wild-type gene generates a tRNA yr with GfA anticodon. Moreover,
we demonstrate that virtually all human tRNA ' genes contain introns.
MATERIALS AND METHODS

Enzymes and reagents
RNase Tl and T2 were purchased from Calbiochem and Sankyo, respectively.
T4 polynucleotide kinase was from NEN. [a-'
2 P]GTP and [a- were purchased from Boehringer, Mannheim.
Bacterial strains and plasmids
The vector plasmid pUC19 was obtained from Dr. J. Messing, Minnesota, USA. Ej_ coli JM109 was used as a host for propagation of plasmid DNAs. The plasmid pSVtTsu" was provided by Dr. U.L. RajBhandary, Cambridge, USA. It contains a Xenopus tRNA yr gene (15) . The pHtTl clone consists of a Haelll fragment of 334 bp derived from a human genomic library (16) which was subcloned into the Smal site of a pUC19 vector. This restriction fragment harbours an intron-containing tRNA yr gene (13) .
Construction of an intron-less tRNA yr gene
The construction was performed by oligonucleotide directed deletion of the intron in the tRNA yr gene of pHtTl using a combination of methods de- Isolation of high molecular weight placenta DNA Fresh human placenta was chilled on ice and cut in small pieces which were immediately frozen in liquid nitrogen and stored at -80°C. The frozen tissue was homogenized in a mortar under liquid nitrogen and DNA was extracted from the powder essentially as described by Blin and Stafford (22) . Only high molecular weight DNA preparations of more than 100 kbp were used for restriction enzyme digestions.
Hybridization conditions
Transfer of DNA to nitrocellulose was by the method of Southern (23).
Prehybridization of the filter and hybridization was carried out at 40°C essentially as described (13) . Wash temperatures have been varied and are mentioned in the legends to the corresponding figures.
In vitro transcription in HeLa cell nuclear extracts Nuclear extracts were prepared from HeLa cells according to Dignam et al. (24) . Transcription assays were performed as described previously (13) .
For quantitation of the various RNA products, bands were excised from the gels and quantitated by Cerenkov counting.
Analysis of in vitro transcripts•
Digestion of RNAs with RNase Tl and fingerprint analyses were performed according to Silberklang et al. (25) . The oligonucleotides were eluted from DEAE-cellulose plates and digested with RNase T2 as described by Stange and Beier (26) . Identification of the labeled nucleotides was by one-dimensional chromatography on cellulose thin-layer plates (27) . To test which of the transformed E. coli JM109 cells contained the altered tyrosine tRNA gene, we used probe 2 as a hybridization probe for colony screening. Under appropriate conditions this oligonucleotide will hybridize to the deleted gene, but not to the parent containing the intron (see Figure   6 ). The pure deletion plasmid, referred to as pHtTIA, was isolated by retransformation and rescreening. As a final control the exact nucleotide sequence of the deleted gene was confirmed by DNA sequencing (18, 20) . The sequence of pHtTIA is identical with that of pHtTl minus intron. . Characterization of these RNA species has been described elsewhere (13) . Briefly, the RNA species H2 is the major P]GTP for 60 min at 30°C (a, c). In pulse-chase experiments, incubation was first at 30°C for 60 min after which unlabeled GTP and ATP were added at final concentrations of 1 mM, and incubation was then continued for another 90 min (b, d). Samples were analyzed on a 12.55o polyacrylamide/7 M urea gel followed by autoradiography. The RNA species are designated H1-H7 according to their decreasing size (13) . , and H5A (C) were recovered from a preparative gel (numbering of the RNA species as in Figure 2 ) and digested with RNase Tl. Oligonucleotide fractionation was by electrophoresis at pH 3.5 on cellulose acetate in the first dimension (from left to right) and by homochromatography in a 30 mfl KOH 'homomix' on DEAE-cellulose thin-layer plates at 65°C in the second dimension (from bottom to top). The oligonucleotides were identified by their position according to Domdey et al. (43) and by comparison with the DNA sequence (13) . Oligonucleotide sequences derived from the intron are underlined. Oligonucleotides which were further characterized with respect to modified nucleosides are boxed. Figure 3C) ; e. uAm G from H2A fingerprint ( Figure 3B) ; f. UAm G from H5A fingerprint ( Figure 3C ).
An inspection of the fingerprint of H2A (Figure 3 (27) . In the pre-tRNA H2 fingerprint this specific oligonucleotide is not present (Figure 3A) , indicating the absence of m G modification, whereas it is visible in H5 fingerprints (not shown) due to the m G-specific mobility shift.
A summary of the base modifications found in the anticodon region of intron-containing and intron-less pre-tRNAs yr and their corresponding mature tRNAs is presented in Figure 5 . The conversion of the uridine at position 35 to pseudouridine takes place only in the intron-containing pre-tRNA H2
and not at all in pre-tRNA H2A or in mature tRNA yr . On the other hand, a methylated guanosine at position 37 has been identified only in intron-less To corroborate this assumption we chose the human tRNA yr gene family for more detailed studies. We had recently cloned and sequenced two human Tvr tRNA Figure 1) to Southern blots of restriction digests of high molecular weight DNA from human placenta. We had previously established stringent hybridization conditions with two Xenopus laevis tRNA ' T clones, i.e., pSUtTsu"
and pSVtTsu , which differ in a single base pair in the anticodon sequence of the tRNA yr gene (13) . EcoRI digestion of placenta DNA yields 10 fragments to which probe I has hybridized (Figure 7d ). An additional fragment of 0.6 kbp was identified if the digests had been separated on a 1 % rather than on a a b c d Figure 7 . Hybridization of 32 P-labeled 20-mer oligonucleotide probes 1 and 2 to EcoRI-digested genomic human placenta DNA. 20 \ig placenta DNA were digested with EcoRI and subjected to electrophoresis on a 0.62a agarose gel together with 3 gene equivalents of pHtTl DNA (a) and 3 gene equivalents of BamHl-digested pSVtTsu" DNA (c). Markers of Hpal-and EcoRI-digested T7 and X Charon 4A DNA were run in adjacent lanes (not shown). Hybridization to Southern blots containing the restriction fragments of placenta DNA was carried out with 32 P-labeled oligonucleotide probe 1 (c, d) and probe 2 (a, b), respectively (see Figure 1) . After hybridization, the filter were washed five times with 6 x SSC at room temperature, two times for 20 min at A0°C and once for 10 min at 55°C (a, b) and 62°C (c, d), respectively. The numbers refer to the length of the fragments (kbp) to which the 20-mer probes 1 and 2 hybridized as visualized by autoradiography. The triangles (A, A) indicate the position of the tRNA yr gene-containing BamHl fragment of pSVtTsu" (c) and of the supercoiled form of pHtTl plasmid DNA (a), respectively, which were added to the placenta DNA digests. 
DISCUSSION
Since the discovery of intervening sequences in yeast tRNA genes (7) the question about the purpose they might serve has been of major interest.
Here u/e show that the intron is necessary for the biosynthesis of an important modified nucleoside, namely pseudouridine (V-,c) which is present in the center of the anticodons of all eukaryotic cytoplasmic tRNAs yr . We have compared the expression of a human nuclear intron-containing tRNA yr gene (pHtTl) with that of its intron-less derivative (pHtTIA) in a HeLa cell extract. Interestingly, both tRNA Tyr genes which differ only in the 20 bp intervening sequence produce the same ratio of minor and major transcription products due to initiation at bp -11 and bp -5, respectively ( Figure 2 ). This indicates that the distance difference of 20 bp between both internal promoter elements does not at all influence the selection of the transcription initiation sites.
However, the transcription efficiencies of 100% versus 130% for pHtTl and pHtTIA, respectively, should be noted.
The fingerprint and nucleotlde analyses of the intron-containing pre- does not yet occur, but f,. is already present. This indicates that the intron interferes with G, methylation, whereas it is absolutely required for the biosynthesis of V,.. (14) have shown an intron-dependence for the "Al_ Tvr synthesis in a yeast ochre suppressor tRNA ' _in_ vivo, however, not in a wild type yeast strain but in a rnal mutant strain which, for unknown reasons, accumulates intron-containing pre-tRNAs (32) . A yeast cell-free extract was only able to synthesize V " in the anticodon stem but not V,_ in the anticodon, suggesting that at least two pseudouridine synthases exist in yeast and that the y_-synthase was inactive (14) . Here we present evidence that in an in vitro system, i.e., in a HeLa cell nuclear extract (in which the V-JJ synthase is active) the U^ to f, 5 The fact that all cytoplasmic tRNAs yr have a Yi_ in the anticodon, together with the absolute requirement of the V,_ synthase for an intron, implies that all eukaryotic nuclear tRNA genes should contain introns. Using two different synthetic oligonucleotides as hybridization probes we could
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show that at least 12 independent tRNA yr gene loci exist in the human genome and that all of them contain an intron ( Figure 7) . Noticeably, the oligonucleotide probe spanning the splice junction of tRNA ^r genes (i.e. probe 2) hybridized to a single EcoRI fragment which was not among the fragments to which our exon-specific probe (i.e. probe 1) hybridized. This putative intron-less tRNA yr gene does certainly not derive from mitochondrial DNA, since the corresponding tRNA yr differs considerably from the cytoplasmic species (13, 35) .
We rather believe that this is a tRNA yr pseudogene. This notion is supported by the fact that a tRNA yr with a GUA anticodon was not detected by us in human placenta (not shown) or by others in any eukaryotic tRNA yr (6) .
Remarkably, the human tRNA yr gene family appears to be the only one which contains introns (6) . There are only two members of another tRNA gene Pseudouridine differs in so far from all other nucleosides as it is the only modified nucleoside found in the middle position of the anticodon. Furthermore, y,-displays several features which might explain its importance in stabilizing codon-anticodon interactions (39, 40) . In this context it should be remembered that a chemically induced yeast ochre suppressor tRNA yr with a U*UA anticodon shows reduced suppressor activity as compared to the tRNA yr having a U*yA anticodon (14) .
V also plays a role in "natural" suppression: major cytoplasmic tRNAs yr with a GVA anticodon recognize the amber codon UAG. The best studied example is the UAG codon at the end of the 126 K cistron of tobacco mosaic virus (TMV), which is suppressed by tRNAs y^ in vivo and in vitro (41, 42) . For UAG suppression the V in the anticodon is believed to be an absolute necessity. We postulate that natural UAG suppression by tRNAs y^ is not alone needed for the replication of eukaryotic viruses, but also for the generation of cellular readthrough proteins with essential functions in certain stages of development and/or differentiation. Consequently, the need for such proteins may have been the evolutionary force for having V in tRNA " anticodons, and this re-quirement for V may in turn have been the motive for maintaining introns in Tvr the cytoplasmic tRNAs ' of eukaryotes.
